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(57) ABSTRACT

A permanent-magnet-synchronous electric motor control
device includes: a reference voltage value calculation unit
for calculating a reference voltage value; an output voltage
value calculation unit for calculating an output voltage value
on the basis of a voltage command; a current weakening
command calculation unit for calculating a current weaken-
ing command on the basis of the reference voltage value and
the output voltage value; a voltage command calculation
unit for calculating the voltage command on the basis of the
current weakening command; and a power converter for
supplying power to a permanent-magnet-synchronous elec-
tric motor on the basis of the voltage command. The current
weakening command calculation unit calculates the current
weakening command in which a high-frequency component
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is amplified on the basis of the difference between the
reference voltage value and the output voltage value.

8 Claims, 5 Drawing Sheets
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PERMANENT-MAGNET-SYNCHRONOUS
ELECTRIC MOTOR CONTROL DEVICE

AND ELECTRIC POWER STEERING
DEVICE PROVIDED WITH SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International
Application No. PCT/JP2020/020242 filed May 22, 2020.

TECHNICAL FIELD

The present disclosure relates to a permanent-magnet-
synchronous electric motor control device, and an electric
power steering device provided with the same.

BACKGROUND ART

In a permanent-magnet-synchronous electric motor, in
association with increase in the rotation speed, induced
voltage is increased, and voltage saturation occurs due to
restriction of power supply voltage, whereby it becomes
difficult for current to flow. As a result, the output torque is
decreased in a high-speed rotation region.

With respect to a permanent-magnet-synchronous electric
motor, as a method for preventing decrease of the output
torque in a high-speed rotation region, a method referred to
as flux weakening control is performed. In the flux weak-
ening control, negative current is caused to flow to d-axis
current, whereby the magnetic flux in the d-axis direction is
weakened to suppress voltage saturation. A current com-
mand for d-axis current when performing flux weakening
control is referred to as a current weakening command.

For example, in a case of a conventional permanent-
magnet-synchronous electric motor, a method in which a
current weakening command is controlled in accordance
with the magnitude of the rotation speed is known (see
Patent Document 1, for example). In a case of another
permanent-magnet-synchronous electric motor, a method in
which a current weakening command is controlled in accor-
dance with the magnitude of power supply voltage is known
(see Patent Document 2, for example)

CITATION LIST
Patent Document

Patent Document 1: Japanese Laid-Open Patent Publication
No. 2006-20411
Patent Document 2: W02008/152929

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

However, in a conventional permanent-magnet-synchro-
nous electric motor in which a current weakening command
is controlled in accordance with the magnitude of the
rotation speed, there is a problem that the current weakening
command cannot follow a sharp change in the rotation
speed. Also in a conventional permanent-magnet-synchro-
nous electric motor in which the current weakening com-
mand is controlled in accordance with the magnitude of
power supply voltage, there is a problem that the current
weakening command cannot follow a sharp change in the
rotation speed.
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The present disclosure has been made in order to solve the
problems as described above. An object of the present
disclosure is to provide a permanent-magnet-synchronous
electric motor control device that can cause a current weak-
ening command to follow a sharp change in the rotation
speed.

Solution to the Problems

A permanent-magnet-synchronous electric motor control
device of the present disclosure includes: a reference voltage
value calculation unit for calculating a reference voltage
value on the basis of power supply voltage; an output
voltage value calculation unit for calculating an output
voltage value on the basis of a voltage command; a current
weakening command calculation unit for calculating a cur-
rent weakening command being a d-axis current command
for flux weakening control on the basis of the reference
voltage value and the output voltage value; a voltage com-
mand calculation unit for calculating the voltage command
on the basis of the current weakening command; and a
power converter for supplying power to a permanent-mag-
net-synchronous electric motor on the basis of the voltage
command. The current weakening command calculation unit
calculates the current weakening command in which a
high-frequency component is amplified on the basis of a
difference between the reference voltage value and the
output voltage value.

Effect of the Invention

Since the permanent-magnet-synchronous electric motor
control device of the present disclosure includes the current
weakening command calculation unit for calculating a cur-
rent weakening command in which a high-frequency com-
ponent is amplified on the basis of the difference between the
reference voltage value and the output voltage value, the
current weakening command can be caused to follow a sharp
change in a rotation speed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a configuration diagram of a permanent-magnet-
synchronous electric motor control device according to
embodiment 1.

FIG. 2 is a configuration diagram of a voltage command
calculation unit according to embodiment 1.

FIG. 3 is a configuration diagram of a current weakening
command calculation unit according to embodiment 1.

FIG. 4 is characteristics diagrams of a phase advance filter
according to embodiment 1.

FIG. 5 is a configuration diagram of a current weakening
command calculation unit according to embodiment 2.

FIG. 6 is a configuration diagram of a current weakening
command calculation unit according to embodiment 3.

FIG. 7 is a configuration diagram of a high-frequency
amplification unit of a current weakening command calcu-
lation unit according to embodiment 4.

FIG. 8 is a configuration diagram of an electric power
steering device according to embodiment 6.

FIG. 9 is a schematic diagram showing an example of
hardware of a permanent-magnet-synchronous electric
motor control device according to each of embodiments 1 to
5.

DESCRIPTION OF EMBODIMENTS

Hereinafter, a permanent-magnet-synchronous electric
motor control device and an electric power steering device
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using the same according to embodiments for carrying out
the present disclosure will be described in detail with
reference to the drawings. In the drawings, the same refer-
ence characters denote the same or corresponding parts.

Embodiment 1

FIG. 1 is a configuration diagram of a permanent-magnet-
synchronous electric motor control device according to
embodiment 1. In FIG. 1, a permanent-magnet-synchronous
electric motor to be controlled by the permanent-magnet-
synchronous electric motor control device is also shown.

As a permanent-magnet-synchronous electric motor 1, a
motor that is well own in general such as, for example, a
surface-magnet-type synchronous motor (SPM: Surface Per-
manent magnet) or an embedded-magnet-type synchronous
motor (IPM: Interior Permanent magnet) can be used. The
permanent-magnet-synchronous electric motor 1 has three-
phase windings of U phase, V phase, and W phase. In
addition, the permanent-magnet-synchronous electric motor
1 has a rotor configured such that a field magnetic flux is
generated by a permanent magnet or a field winding.

An angle detector 11 is mounted to the permanent-
magnet-synchronous electric motor 1, and detects a rotation
angle 6 of the permanent-magnet-synchronous electric
motor 1. As the angle detector 11, an angle detector such as
a resolver or a Hall sensor can be used, for example.

A permanent-magnet-synchronous electric motor control
device 2 is composed of a reference voltage value calcula-
tion unit 3, an output voltage value calculation unit 4, a
current weakening command calculation unit 5, a voltage
command calculation unit 6, and a power converter 7. First,
operation of each component of the permanent-magnet-
synchronous electric motor control device 2 will be briefly
described.

The reference voltage value calculation unit 3 calculates
a reference voltage value serving as a reference for flux
weakening control on the basis of power supply voltage. The
output voltage value calculation unit 4 calculates an output
voltage value on the basis of a three-phase voltage command
related to voltage to be applied to the three-phase windings
of U phase, V phase, and W phase. The current weakening
command calculation unit 5 calculates a d-axis current
command for performing flux weakening control on the
basis of the output voltage value and the reference voltage
value. The voltage command calculation unit 6 calculates
the three-phase voltage command on the basis of the d-axis
current command and a g-axis current command. The power
converter 7 applies three-phase voltage to the permanent-
magnet-synchronous electric motor 1 on the basis of the
three-phase voltage command.

Next, operation of each component of the permanent-
magnet-synchronous electric motor control device 2 will be
described in detail.

The power converter 7 converts power supply voltage V .
supplied from a power supply and applies three-phase
voltage v, v,, v,, to the three-phase windings of the per-
manent-magnet-synchronous electric motor 1. The power
converter 7 is implemented by a power converter such as an
inverter. The power converter 7 performs modulation pro-
cessing on three-phase voltage commands v, *, v *, v *
described later, thereby applying AC voltage to each of the
U phase winding, the V phase winding, and the W phase
winding. Examples of the modulation processing performed
by the power converter 7 include a PWM (Pulse Width
Modulation) method, a PAM (Pulse Amplitude Modulation)
method, and the like, for example.
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4

A current detector (not shown) is mounted to the power
converter 7, and detects current flowing to the permanent-
magnet-synchronous electric motor 1. The current detector
detects current i,, of the U phase winding, current i, of the V
phase winding, and current i,, of the W phase winding. 1, 1,,
and i, are collectively referred to as three-phase winding
current. The current detector is implemented by using a
current detector such as a shunt resistor or a Hall element.
As the three-phase winding current i, i, 1,,, detection values
obtained from the current detector are used, but without
using the current detector, values estimated from a voltage
equation or the like may be used. That is, the three-phase
winding current of the permanent-magnet-synchronous elec-
tric motor 1 is detected or estimated current.

FIG. 2 is a configuration diagram of the voltage command
calculation unit 6 in the present embodiment. The voltage
command calculation unit 6 includes a coordinate conver-
sion unit 61 and a voltage command generation unit 62.

The coordinate conversion unit 61 performs coordinate
conversion on a d-axis voltage command v* and a g-axis
voltage command v, * on the basis of the rotation angle 6,
thereby generating a U phase voltage command v, *, a V
phase voltage command v *, and a W phase voltage com-
mand v, *. Further, the coordinate conversion unit 61 per-
forms coordinate conversion on a U phase detection current
i,, a V phase detection current i,, and a W phase detection
current i, on the basis of the rotation angle 6, thereby
generating a d-axis detection current i, and a g-axis detec-
tion current i,. The d-axis detection current i, and the g-axis
detection current i, are collectively referred to as detection
current. As the rotation angle 6, a detection value obtained
from the angle detector 11 is used, but without using the
angle detector 11, a value estimated by the power converter
7 may be used. That is, the rotation angle 6 of the permanent-
magnet-synchronous electric motor 1 is a detected or esti-
mated angle.

The voltage command generation unit 62 generates the
d-axis voltage command v,* by using a d-axis current
command i,* and the d-axis detection current i, and gen-
erates the g-axis voltage command v _* by using a g-axis
current command i,* and the g-axis detection current i,. The
voltage command generation unit 62 includes two subtrac-
tors 621, 622 and two PI controllers 623, 624. The subtractor
621 calculates a deviation between the d-axis current com-
mand i,* and the d-axis detection current i, The subtractor
622 calculates a deviation between the g-axis current com-
mand i * and the q-axis detection current i . The PI con-
troller 623 calculates the d-axis voltage command v,* for
controlling output voltage of the power converter 7 such that
the deviation calculated by the subtractor 621 becomes
small. The PI controller 624 calculates the g-axis voltage
command v, * for controlling output voltage of the power
converter 7 such that the deviation calculated by the sub-
tractor 622 becomes small.

In the voltage command generation unit 62 of the present
embodiment, the PI controller 623 which performs propor-
tional and integral control as feedback control in which the
d-axis voltage command v * is calculated with respect to the
deviation between the d-axis current command i,* and the
d-axis detection current i, is used. The calculation method
for the feedback control is not limited thereto, and another
calculation method for feedback control may be used. This
also applies to the calculation method for feedback control
in which the g-axis voltage command v * is calculated.

The d-axis current command i;* calculated in the current
weakening command calculation unit 5. The calculation
method of the g-axis current command i,* is not limited in
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particular, but is calculated by using a calculation method for
feedback control such as conventional torque control or
rotation speed control, for example.

FIG. 3 is a configuration diagram of the current weaken-
ing command calculation unit 5 in the present embodiment.
The current weakening command calculation unit 5 of the
present embodiment is composed of a high-frequency ampli-
fication unit 51, a subtractor 52, and a compensator 53. An
output voltage value V, and a reference voltage value V,, are
inputted to the current weakening command calculation unit
5. The output voltage value V_ is a value regarding the
magnitude of output voltage of the power converter 7. The
output voltage value V, is calculated by Expression (1) in
the output voltage value calculation unit 4 from the three-
phase voltage commands v, *, v, *, v, *.

[Mathematical 1]

Va:\/vu*2+vv #2qy #2

1

The reference voltage value V, is calculated by Expres-
sion (2) by using the power supply voltage V. and a
maximum modulation factor k,,,,, in the reference voltage
value calculation unit 3. Here, the reference voltage value V,,
is a value regarding the maximum voltage that can be
outputted in terms of the power supply voltage V. The
maximum modulation factor k,,, is k,,,,,=1, for example m
represents a margin for the maximum voltage that can be
outputted. The margin for the maximum voltage can also be
given when k,__is set to a value, e.g., 0.9, smaller than the
maximum modulation factor.

[Mathematical 2]
XV @
= X
V2

When V_=V, is set at the stage of calculation of the
current weakening command, V, increases under influence
of a derivative term, voltage disturbance, or the like, and
voltage saturation momentarily occurs in some cases. In
such a case, when m is made large, a margin can be ensured,
and voltage saturation can be easily avoided. Meanwhile,
there is also a problem that excessive weakening current is
applied when m is too large. Here, in order to prevent
excessive weakening current from being applied, m=0 is set.
The power supply voltage V. may be a value obtained by
detecting the power supply voltage, or may be a constant set
in advance.

The output voltage value V_ is inputted to the high-
frequency amplification unit 51 of the current weakening
command calculation unit 5. The high-frequency amplifica-
tion unit 51 amplifies a high-frequency component of the
output voltage value V, to calculate a correction output
voltage value V. Here, in order to increase the high-
frequency component in a frequency band higher than an
arbitrary frequency, a phase advance filter F(s) represented
by Expression (3) is used as the high-frequency amplifica-
tion unit 51. The relationship between parameters ®,, ®, of
the phase advance filter F(s) is ®,>®,. Since the phase
advance filter is used as the high-frequency amplification
unit 51, complicated calculation and map creation in
advance are not required, and a simple configuration can be
realized.
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[Mathematical 3]
+
F= Ly it9 3
wy; S+ w;

FIG. 4 shows examples of frequency characteristics of the
phase advance filter F(s). In this phase advance filter, the
steady gain is 1, and when no sharp voltage change due to
a sharp rotation speed change or the like occurs, a perfor-
mance at a level equivalent to that in conventional art can be
obtained. Meanwhile, since the gain in a high-frequency
band is increased, when a sharp voltage change has occurred
due to a sharp rotation speed change or the like, responsive-
ness can be improved.

In the present embodiment, the phase advance filter is
used as the high-frequency amplification unit 51. However,
as long as a high-frequency component can be amplified,
another filter may be used. For example, a filter being a
combination of a phase advance filter and a lowpass filter
can be used as the high-frequency amplification unit 51.
When such a filter is used, an unnecessary high-frequency
component in which noise is mixed can be blocked while a
high-frequency component in a necessary frequency band is
amplified.

The subtractor 52 subtracts the correction output voltage
value V' calculated by the high-frequency amplification
unit 51 from the reference voltage value V,, to calculate a
voltage deviation AV. The compensator 53 calculates the
d-axis current command i,* on the basis of the voltage
deviation AV. The compensator 53 may be an integrator or
a PI controller. Here, the compensator 53 is an integrator,
and is a compensator C(s) represented by Expression (4). An
integral gain K, is determined from a control response ®,,,
and an inductance 1. and a rotation speed ®,, of the perma-
nent-magnet-synchronous electric motor 1.

[Mathematical 4]

Wy, 1

Q)

1
Ce)=K;x—-=
s WXL s

The compensator 53 calculates the d-axis current com-
mand i,* on the basis of the voltage deviation AV by using
the compensator C(s) represented by Expression (4). The
d-axis current command i,* calculated by the compensator
53 serves as a current weakening command for performing
flux weakening control. In this manner, the current weak-
ening command calculation unit 5 calculates the current
weakening command for performing flux weakening con-
trol.

The permanent-magnet-synchronous electric motor con-
trol device having such a configuration calculates, in the
current weakening command calculation unit, a current
weakening command in which a high-frequency component
is amplified on the basis of the difference between the
reference voltage value and the output voltage value. There-
fore, flux weakening control for avoiding voltage saturation
can be performed. Since the permanent-magnet-synchro-
nous electric motor control device amplifies the high-fre-
quency component of the current weakening command,
when the rotation speed has sharply changed and the output
voltage has sharply changed, the permanent-magnet-syn-
chronous electric motor control device can cause the current
weakening command to follow the change. In addition,
when the power supply voltage has sharply changed as well,
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the permanent-magnet-synchronous electric motor control
device of the present embodiment can cause the current
weakening command to follow the change.

Further, in the current weakening command calculation
unit of the present embodiment, a phase advance filter is
used as a filter that amplifies the high-frequency component.
Therefore, the gain increases in a frequency band higher
than a frequency set in advance at the phase advance filter,
and thus, the high-frequency component of the current
weakening command can be amplified, and responsiveness
of the current weakening command can be improved.

Embodiment 2

In the current weakening command calculation unit of
embodiment 1, a high-frequency component of the output
voltage value V, is amplified by the high-frequency ampli-
fication unit to calculate the correction output voltage value
V', and the correction output voltage value V' is subtracted
from the reference voltage value V, by the subtractor to
calculate the voltage deviation AV. In a current weakening
command calculation unit of embodiment 2, the output
voltage value V, is subtracted from the reference voltage
value V, to calculate the voltage deviation AV, and a
high-frequency component of the voltage deviation AV is
amplified to calculate a correction voltage deviation AV'.

FIG. 5 is a configuration diagram of a current weakening
command calculation unit 5 according to the present
embodiment. Similar to the current weakening command
calculation unit of embodiment 1, the current weakening
command calculation unit 5 according to the present
embodiment is composed of a high-frequency amplification
unit 51, a subtractor 52, and a compensator 53. As shown in
FIG. 5, in the current weakening command calculation unit
5 of the present embodiment, the subtractor 52 subtracts the
output voltage value V, from the reference voltage value V,,
to calculate the voltage deviation AV. Then, the high-
frequency amplification unit 51 amplifies a high-frequency
component of the voltage deviation AV to calculate the
correction voltage deviation AV'. The compensator 53 cal-
culates the d-axis current command i,*, i.e., the current
weakening command, on the basis of the correction voltage
deviation AV'.

Similar to embodiment 1, the permanent-magnet-syn-
chronous electric motor control device having such a con-
figuration calculates a current weakening command in which
a high-frequency component is amplified on the basis of the
difference between the reference voltage value and the
output voltage value. Therefore, flux weakening control for
avoiding voltage saturation can be performed. In addition,
since the permanent-magnet-synchronous electric motor
control device amplifies the high-frequency component of
the current weakening command, when the rotation speed
has sharply changed, the permanent-magnet-synchronous
electric motor control device can cause the current weak-
ening command to follow the change. In addition, in a case
where the output voltage sharply changes when the power
supply voltage has sharply changed, the permanent-magnet-
synchronous electric motor control device of the present
embodiment can cause the current weakening command to
follow the change.

Embodiment 3

In the current weakening command calculation unit of
embodiment 2, a high-frequency component of the voltage
deviation AV is amplified by the high-frequency amplifica-
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tion unit to calculate the correction voltage deviation AV,
and the d-axis current command i ¥, i.e., the current weak-
ening command, is calculated by the compensator on the
basis of the correction voltage deviation AV'. In a current
weakening command calculation unit of embodiment 3, a
basic current weakening command is calculated by a com-
pensator on the basis of the voltage deviation AV, and a
high-frequency component of the basic current weakening
command is amplified by a high-frequency amplification
unit to calculate the current weakening command.

FIG. 6 is a configuration diagram of a current weakening
command calculation unit according to the present embodi-
ment. Similar to the current weakening command calcula-
tion unit of embodiment 2, a current weakening command
calculation unit 5 according to the present embodiment is
composed of a high-frequency amplification unit 51, a
subtractor 52, and a compensator 53. As shown in FIG. 6, in
the current weakening command calculation unit 5 of the
present embodiment, the subtractor 52 subtracts the output
voltage value V,, from the reference voltage value V, to
calculate the voltage deviation AV. Then, the compensator
53 calculates a d-axis current command i,*, i.e., the basic
current weakening command, on the basis of the voltage
deviation AV. The high-frequency amplification unit 51
amplifies a high-frequency component of the basic current
weakening command i,* to calculate the d-axis current
command i,*, i.e., the current weakening command.

Similar to embodiment 1, the permanent-magnet-syn-
chronous electric motor control device having such a con-
figuration calculates a current weakening command in which
a high-frequency component is amplified on the basis of the
difference between the reference voltage value and the
output voltage value. Therefore, flux weakening control for
avoiding voltage saturation can be performed. In addition,
since this permanent-magnet-synchronous electric motor
control device amplifies a high-frequency component of the
current weakening command, when the rotation speed has
sharply changed, the permanent-magnet-synchronous elec-
tric motor control device can cause the current weakening
command to follow the change. In addition, in a case where
the output voltage sharply changes when the power supply
voltage has sharply changed, the permanent-magnet-syn-
chronous electric motor control device of the present
embodiment can cause the current weakening command to
follow the change.

Embodiment 4

In the current weakening command calculation unit of
embodiment 2, a high-frequency component of the voltage
deviation AV is amplified by the high-frequency amplifica-
tion unit to calculate the correction voltage deviation AV'. As
described in embodiment 1, this high-frequency amplifica-
tion unit is implemented by the phase advance filter F(s)
which increases the high-frequency component in a fre-
quency band higher than a frequency set in advance. In a
current weakening command calculation unit of embodi-
ment 4, the high-frequency amplification unit is composed
of a highpass filter and a multiplier.

FIG. 7 is a configuration diagram of the high-frequency
amplification unit in the current weakening command cal-
culation unit according to the present embodiment. The
configuration of the current weakening command calcula-
tion unit of the present embodiment is similar to the con-
figuration of the current weakening command calculation
unit of embodiment 2. As shown in FIG. 7, a high-frequency
amplification unit 51 of the present embodiment is com-
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posed of a highpass filter 511 and a multiplier 512. The
highpass filter 511 extracts a high-frequency component
AV, of the voltage deviation AV. The multiplier 512 multi-
plies the voltage deviation AV by a gain K, and outputs the
correction voltage deviation AV'. This correction voltage
deviation AV' is the voltage deviation AV in which a
high-frequency component thereof is amplified. The gain K,
is set in accordance with the high-frequency component AV,
of the voltage deviation calculated by the highpass filter 511.
Normally, K, is set as K,=1, and when the high-frequency
component AV, of the voltage deviation is not less than a
threshold set in advance, K, is set as K,>1. In the current
weakening command calculation unit of the present embodi-
ment, the d-axis current command i,*, i.e., the current
weakening command, is calculated by the compensator on
the basis of the correction voltage deviation AV' outputted
from this high-frequency amplification unit 51.

Similar to embodiment 2, the permanent-magnet-syn-
chronous electric motor control device having such a con-
figuration calculates a current weakening command in which
a high-frequency component is amplified on the basis of the
difference between the reference voltage value and the
output voltage value. Therefore, flux weakening control for
avoiding voltage saturation can be performed. In addition,
since this permanent-magnet-synchronous electric motor
control device amplifies a high-frequency component of the
current weakening command, when the rotation speed has
sharply changed, the permanent-magnet-synchronous elec-
tric motor control device can cause the current weakening
command to follow the change. In addition, in a case where
the output voltage sharply changes when the power supply
voltage has sharply changed, the permanent-magnet-syn-
chronous electric motor control device of the present
embodiment can cause the current weakening command to
follow the change.

In the present embodiment, a variable gain is used as
means for amplifying a high-frequency component in the
high-frequency amplification unit. [n embodiment 2, a filter
is used as means for amplifying a high-frequency compo-
nent in the high-frequency amplification unit. The means for
amplifying a high-frequency component in the high-fre-
quency amplification unit is not limited to a variable gain or
a filter, and a map set in advance or the like can also be used.

Embodiment 5

The configuration of a permanent-magnet-synchronous
electric motor control device of embodiment 5 is similar to
the configuration of the permanent-magnet-synchronous
electric motor control device of embodiment 1. However,
the output voltage value V, the reference voltage value V,,,
and the integral gain K, of the compensator of the current
weakening command calculation unit are different. Since the
modulation factor has a similar meaning to an output volt-
age, the output voltage value V, and the reference voltage
value V, are set on the basis of the modulation factor in the
permanent-magnet-synchronous electric motor control
device of the present embodiment.

The reference voltage value V,, is given by a reference
modulation factor k* (V,=k*). The value of the reference
modulation factor k* is set to a value not greater than the
maximum modulation factor k,, .. Here, in order to utilize
the power supply voltage to a maximum extent, k* is set as
k*=k,, ... K,,... is determined according to the modulation
method, and here, k,,,.=1. When the power supply voltage
is caused to have a certain margin, k* may be set as
k*=k,,,,x0.9.
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The output voltage value V, is given by a modulation
factor k, (V _=k,) The modulation factor k, is calculated by
Expression (5) and Expression (6) from the three-phase
voltage commands v, *, v,* v_* and the power supply
voltage V.. The modulation factor k, calculated by Expres-
sion (5) has an output voltage value calculated by Expres-
sion (1) as a numerator. Therefore, this modulation factor
has a similar meaning to output voltage.

[Mathematical 5]
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[Mathematical 6]
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The integral gain K, of the compensator is given by
Expression (7). The power supply voltage V,. may be a
detected value or may be a value set in advance.

[Mathematical 7]
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Even when the output voltage value V,_, the reference
voltage value V,, and the integral gain K, are set in this
manner, since the modulation factor has a similar meaning
to output voltage, a high-frequency component of the cur-
rent weakening command can be amplified as in embodi-
ment 1.

Embodiment 6

Embodiment 6 relates to an electric power steering device
including the permanent-magnet-synchronous electric
motor control device described in each of embodiments 1 to
5. FIG. 8 is a configuration diagram of an electric power
steering device according to the present embodiment. As
shown in FIG. 8, an electric power steering device 100 of the
present embodiment is composed of a steering wheel 101, a
steering shaft 102, a rack-and-pinion gear 103, wheels 104,
the permanent-magnet-synchronous electric motor 1 for
assisting steering performed by a driver, the permanent-
magnet-synchronous electric motor control device 2, and a
torque sensor 105 for detecting a steering torque from the
driver.

In the electric power steering device 100 shown in FIG.
8, a steering torque applied to the steering wheel 101 from
the driver (not shown) is transmitted through a torsion bar of
the torque sensor 105 and the steering shaft 102 to a rack via
the rack-and-pinion gear 103, thereby steering the wheels
104. The permanent-magnet-synchronous electric motor 1 is
driven by the permanent-magnet-synchronous electric motor
control device 2, and generates an assist force as an output.
The assist force is transmitted to the steering shaft to reduce
the steering torque applied by the driver during steering.

An assist current command for adjusting the assist force
outputted by the permanent-magnet-synchronous electric
motor 1 is calculated in the permanent-magnet-synchronous
electric motor control device 2 on the basis of the steering
torque from the driver detected by the torque sensor 105. For
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example, the permanent-magnet-synchronous electric motor
control device 2 calculates the g-axis current command on
the basis of a value proportional to the steering torque from
the driver. That is, the permanent-magnet-synchronous elec-
tric motor control device 2 uses the assist current command
as the g-axis current command.

An the electric power steering device 100 having such a
configuration, an assist torque according to steering per-
formed by the driver can be obtained from the permanent-
magnet-synchronous electric motor 1. Even when the driver
has performed sudden steering and a sharp rotation speed
change has been caused in the permanent-magnet-synchro-
nous electric motor 1, the assist current command can follow
the change, and thus, the assist torque is not decreased. As
a result, an electric power steering device that allows com-
fortable steering can be realized.

As described above, when the permanent-magnet-syn-
chronous electric motor control device described in each of
embodiments 1 to 5 is applied to an electric power steering
device, particularly remarkable effects can be obtained. In
other devices, e.g., in a belt conveyor for transportation,
conveyance at a constant speed is basically performed, and
thus, a sharp rotation speed change does not occur. In
machine tools, since a drive pattern is predetermined, it has
been ecasy to take measures such as adding feedforward
compensation in accordance with a sharp rotation speed
change. In contrast to this, in a conventional electric power
steering device, a sharp rotation speed change occurs due to
sudden steering that cannot be predicted in advance. There-
fore, it has been difficult to suppress decrease of torque due
to the sharp rotation speed change. If the permanent-magnet-
synchronous electric motor control device described in each
of embodiments 1 to 5 is applied to an electric power
steering device, decrease of torque due to a sharp rotation
speed change that cannot be predicted can be suppressed.

As shown in an example of hardware shown in FIG. 9, the
permanent-magnet-synchronous electric motor control
device 2 described in each of embodiments 1 to 5 is
composed of a processor 111 and a storage device 112. The
storage device 112 includes, although not shown, a volatile
storage device such as a random access memory, and a
nonvolatile auxiliary storage device such as a flash memory.
Instead of a flash memory, a hard disk as an auxiliary storage
device may be provided. The processor 111 executes a
program inputted from the storage device 112. In this case,
the program is inputted to the processor 111 from the
auxiliary storage device via the volatile storage device. The
processor 111 may output data such a calculation result to
the volatile storage device of the storage device 112, or may
store data in the auxiliary storage device via the volatile
storage device.

Although the present disclosure is described above in
terms of various exemplary embodiments and implementa-
tions, it should be understood that the various features,
aspects, and functionality described one or more of the
individual embodiments are not limited in their applicability
to the particular embodiment with which they are described,
but instead can be applied, alone or in various combinations
to one or more of the embodiments of the disclosure.

It is therefore understood that numerous modifications
which have not been exemplified can be devised without
departing from the scope of the present disclosure. For
example, at least one of the constituent components may be
modified, added, or eliminated. At least one of the constitu-
ent components mentioned in at least one of the preferred
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embodiments may be selected and combined with the con-
stituent components mentioned in another preferred embodi-
ment.

DESCRIPTION OF THE REFERENCE
CHARACTERS

1 permanent-magnet-synchronous electric motor

2 permanent-magnet-synchronous electric motor control
device

3 reference voltage value calculation unit

4 output voltage value calculation unit

5 current weakening command calculation unit

6 voltage command calculation unit

7 power converter

11 angle detector

51 high-frequency amplification unit

52 subtractor

53 compensator

61 coordinate conversion unit

62 voltage command generation unit

511 highpass filter

512 multiplier

621, 622 subtractor

623, 624 PI controller

100 electric power steering device

101 steering wheel

102 steering shaft

103 rack-and-pinion gear

104 wheel

105 torque sensor

111 processor

112 storage device

The invention claimed is:

1. A permanent-magnet-synchronous electric motor con-

trol device comprising:

a reference voltage value calculation circuitry to calculate
a reference voltage value on the basis of power supply
voltage;

an output voltage value calculation circuitry to calculate
an output voltage value on the basis of a voltage
command;

a current weakening command calculation circuitry to
calculate a current weakening command being a d-axis
current command for flux weakening control on the
basis of the reference voltage value and the output
voltage value;

a voltage command calculation circuitry to calculate the
voltage command on the basis of the current weakening
command; and

a power converter for supplying power to a permanent-
magnet-synchronous electric motor on the basis of the
voltage command, wherein

the current weakening command calculation circuitry
calculates the current weakening command in which a
high-frequency component is amplified on the basis of
a difference between the reference voltage value and
the output voltage value using a filter that amplifies a
high-frequency component.

2. The permanent-magnet-synchronous electric motor

control device according to claim 1, wherein

the current weakening command calculation circuitry
comprises:

a high-frequency amplification circuitry to amplify a
high-frequency component of the output voltage value
by using a filter for amplifying a high-frequency com-
ponent, to calculate a correction output voltage value;



US 11,936,309 B2

13

a subtractor for calculating a voltage deviation being a
difference between the reference voltage value and the
correction output voltage value calculated by the high-
frequency amplification circuitry; and

a compensator for calculating the current weakening
command on the basis of the voltage deviation calcu-
lated by the subtractor.

3. The permanent-magnet-synchronous electric motor

control device according to claim 1, wherein

5

the current weakening command calculation circuitry 10

comprises:

a subtractor for calculating a voltage deviation being a
difference between the reference voltage value and the
output voltage value;

a high-frequency amplification circuitry to amplify a
high-frequency component of the voltage deviation by
using a filter for amplifying a high-frequency compo-
nent, to calculate a correction voltage deviation; and

a compensator for calculating the current weakening
command on the basis of the correction voltage devia-
tion calculated by the high-frequency amplification
circuitry.

4. The permanent-magnet-synchronous electric motor

control device according to claim 1, wherein

the current weakening command calculation circuitry
comprises:

a subtractor for calculating a voltage deviation being a
difference between the reference voltage value and the
output voltage value;

a compensator for calculating a basic current weakening
command on the basis of the voltage deviation; and

a high-frequency amplification circuitry for amplifying a
high-frequency component of the basic current weak-
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ening command by using a filter for amplifying a
high-frequency component, to calculate the current
weakening command.

5. The permanent-magnet-synchronous electric motor

control device according to claim 2, wherein

the filter for amplifying the high-frequency component is
a phase advance filter.

6. The permanent-magnet-synchronous electric motor

control device according to claim 3, wherein

the high-frequency amplification circuitry is composed of
a highpass filter for extracting a high-frequency com-
ponent of the voltage deviation, and a multiplier for
multiplying the voltage deviation by a gain set on the
basis of the high-frequency component of the voltage
deviation extracted by the highpass filter, to output a
correction voltage deviation.

7. The permanent-magnet-synchronous electric motor

control device according to claim 1, wherein

the reference voltage value calculation circuitry uses a
reference modulation factor calculated from the power
supply voltage, as the reference voltage value, and

the output voltage value calculation circuitry uses a
modulation factor calculated from the power supply
voltage and the voltage command, as the output voltage
value.

8. An electric power steering device comprising:

a permanent-magnet-synchronous electric motor for gen-
erating an assist torque for assisting a steering torque
from a driver; and

the permanent-magnet-synchronous electric motor con-
trol device according to claim 1.
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